Intrinsic impurities have been much reduced in toroidal fusion devices through the development of several wall-conditioning techniques as well as by the use of carbon materials in the first wall and divertor plates. Impurity elements useful for passive plasma spectroscopy have been then extremely limited. At present, only carbon is a subject for spectroscopic diagnostics in most discharges except for fuel atoms. The use of rare gas as a brighter light source is a method to overcome the present difficulty in passive spectroscopy. Recently, rare gases have also been used for edge cooling to reduce the divertor heat flux. Therefore, high-resolution spectra (∆λ ∼ 0.2 Å) from neon and argon in a 250 to 2300 Å wavelength range have been measured using a 3 m normal incidence spectrometer in Large Helical Device (LHD) and the measured spectra were precisely analyzed. The VUV spectra of carbon, neon and argon are presented for spectroscopic use and their wavelengths are tabulated with their relative intensities. The spectral profiles of almost all the spectral lines measured here are formed by the Doppler broadening and self-absorption processes. The Doppler broadening of neon and argon spectra are plotted against the ionization energies and Doppler spectra from carbon lines are presented. The self-absorption spectra of the hydrogen Lyman-α line, which are found in the LHD high-density discharge, are also presented and the neutral density is analytically estimated.
Introduction
The purpose of passive plasma spectroscopy in fusion research is mainly to diagnose the particle behaviors of impurity and fuel atoms and ions, including the measurement of line radiation loss in addition to the contribution to atomic physics [1] . The resonance lines from highly ionized impurities are emitted in vacuum ultraviolet (VUV) region. For this purpose, usually the first resonance lines have been measured though visible lines are useful for divertor spectroscopy. Therefore, VUV spectroscopy becomes important for passive plasma spectroscopy and the resonance lines from typical intrinsic impurities such as carbon, oxygen and iron have been routinely measured in the VUV region in many magnetic fusion devices [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
On the other hand, several wall-conditioning techniques have been recently progressed. These include hightemperature baking of plasma facing components, Heglow discharge for wall cleaning and boronization of the vacuum wall. In addition, the vacuum wall has been fully covered by carbon plates and such plates have been also installed in the divertor section. Thus, the impurity concentrations in toroidal fusion devices have been much reauthor's e-mail: katai@nifs.ac.jp duced. Due to advances in wall-conditioning, spectral lines useful for passive spectroscopy in VUV region have been very limited except in regard to the carbon emissions. External impurity injection is needed for the study of impurity behaviors. The use of rare gas is an effective method to overcome the present difficult situation in the passive spectroscopy. At present, neon or argon is a possible candidate for the seeded gas. In ITER, the use of krypton is planned for use in spectroscopic diagnostics. Recently, such rare gases have been also used for edge plasma cooling based on the enhancement of radiation loss in order to reduce the divertor heat flux [12] . Therefore, it becomes important to investigate and identify the VUV spectral lines emitted from highly ionized ions of such rare gas elements for alternative spectroscopic measurement in fusion devices.
Large Helical Device (LHD) is a toroidal plasma device without plasma current for confinement. Rare gas discharges are easily produced in LHD because current-driven MHD instability can be essentially avoided. The upper limit of densities in such high-Z discharges in LHD is determined by measuring the radiation loss at outer region of the plasma depending on the input heating power, i.e., typically 2 × 10 19 m −3 for Ar discharges at P NBI ∼ 10 MW and B t = 2.75 T. This is far from the beta collapse value. Thus, c 2007 The Japan Society of Plasmathe VUV spectra of highly ionized rare gases such as neon and argon are studied using the rare gas discharges in LHD. The central electron density and temperature of the rare gas discharges used for the present study are in the ranges of 10 18 -10 19 m −3 and 2-4 keV, respectively. The VUV spectra in a wavelength of 250 to 2300 Å are observed using a 3 m normal incidence spectrometer with a high spectral resolution of ∆λ ∼ 0.2 Å. The spectral resolution observed here is narrower than the Doppler broadening of most of the VUV lines emitted from the LHD plasmas. Therefore, the VUV spectra measured here can give the highest level of spectral resolution as compared with the former results. In this paper, the VUV spectra from carbon, neon and argon are presented and the wavelengths are tabulated with their relative intensities, the full width at half maximum (FWHM) and the ion temperature for spectroscopic use. Typical spectral lines useful for spectroscopic diagnostics of high-temperature plasmas are also summarized for the three elements. A self-absorption spectrum is observed in the Lyman series of neutral hydrogen instead of the Doppler broadening. The spectra of the hydrogen Lyman series are also presented with an analysis.
Instrumentation
VUV spectra have been measured using a spaceresolved VUV system, which consists of a 3 m normal incidence spectrometer with a 1200 grooves/mm grating (65 × 150 mm 2 , 1400 Å blaze with Pt coating), a back-illuminated charged-coupled device (CCD) detector (1024 × 1024 pixels, 13 µm × 13 µm/pixel) and a pair of mirrors for view-angle adjustment [13] [14] [15] . The size of the CCD exposure area is 13.3 × 13.3 mm 2 . The spectrometer has a reciprocal linear dispersion of 2.75 Å/mm (0.036 Å/ch) and a spectral resolution of ∆λ ∼ 0.2 Å at FWHM which is constant against the wavelength. The total spectral resolution corresponds to the CCD channel width of 5.6 pixels which is determined by the spectral resolution of the 3 m normal incidence spectrometer. The view-angle mirrors mounted in front of an entrance slit of the spectrometer were removed and a space-resolved slit positioned between the entrance slit and the grating was fully opened for recording sufficient signal counts with an adequate S/N ratio. The entrance slit was set to a width of 20 µm. The CCD detector was cooled to -20
• C in order to reduce thermal noise. The noise count was less than 1 count/pixel at this temperature. The CCD detector was operated in 'full-binning mode', which performs a full summation of vertical pixels, in order to increase the signal counts and to reduce the exposure time (or frame rate). The time interval of the CCD frame exposure was set to 50 ms, which was adequate for taking the spectra with a sufficient S/N ratio. The spectral range of 38 Å was measured in a single discharge. Therefore, in the present study the wavelength of the spectrometer was scanned in shot by shot in order to observe the entire spectral range.
Results and Discussion

Line identification of C, Ne and Ar
Identification of the VUV spectrum was compiled by using previously reported experimental spectra and wavelength tables [16] [17] [18] [19] [20] [21] [22] [23] [24] . The VUV spectra were obtained by scanning the wavelength of the spectrometer shot by shot. Figures 1 (a) to 1 (g) show VUV spectra from neon discharges in the wavelength range of 250 to 1275 Å. A VUV spectrum of 2257-2296 Å is shown in bottom trace of Fig. 1 (g) with He-like CV (ionization potential: 392 eV) line at 2270 Å. Below 435 Å, VUV spectra having relatively strong emissions from metallic impurities of iron and chromium ions (Na-and Mg-like) are specially selected as an exception of the present work. This will be useful as a reference for spectroscopic use.
Figures 2 (a) to 2 (i) show VUV spectra from argon discharges in the wavelength range of 355 to 1565 Å. In Figs. 2 (a) to 2 (i), oxygen and nitrogen lines appear with relatively strong intensities, because the data are taken just after a small amount of air leaked into the vacuum vessel. This is a useful reference for diagnostics of light impurities. A small amount of boron is also seen in the spectra. Boronization is carried out to create a boron coating on the stainless steel vacuum wall in order to suppress the metallic impurities.
Carbon lines identified from the spectra are listed in Table 1 . The order in the table denotes the maximum number of higher order lines seen in the figures. The relative .453 Å -5801 Å, 5812 Å form the branching pair which has the same upper levels for the transitions. The branching ratio method is available for calibrating the absolute sensitivity of VUV spectrometers [7, 9, 10, [25] [26] [27] [28] . Neon lines are listed in Table 2 . The charge states of NeIII (O-like) -IX (He-like) are identified based on the spectra in the present wavelength region. At least one line isolated from other lines exists in each charge state except NeIX 1248.28 Å. The NeIX line with a high ionization potential of 1196 eV is very useful for spectroscopic diagnostics, especially for the ion temperature measurement from the Doppler broadening. However, the 1st order of the NeIX (1248.28 Å) is blended with the 3rd order NeV line (3 × 416.20 Å). Thus, it is more effective to measure the 2nd order for NeIX in order to observe the accurate line profile. The 6th order of NeV (6 × 416.20 Å) becomes much weaker as compared to the 2nd order of NeIX (2 × 1248.28 Å) and the separation between the two lines is also clearer in case of the 2nd order for NeIX.
Argon lines are listed in Table 3 . In the case of argon, the magnetic dipole (M1) transition (ArXII 649.03 Å) is observed [29] [30] [31] . This is the first observation in laboratory plasmas. In tokamaks the maintenance of high-Z dis- 14 charges is generally difficult because of the current-driven instability, as mentioned above. This is a great benefit of LHD. As the ArXII M1 line is much weaker than resonance lines and the brightness of the VUV diagnostic system is darker than that of the visible diagnostic system, it was usually difficult to observe such Ar M1 line. In contrast, the maintenance of high-Z discharges is quite easy in LHD. Therefore, pure Ar discharges can be performed at an electron density region of 0.5-3 × 10 13 cm −3 . This is the reason why the ArXII M1 line was found for the first time in LHD. Several M1 transitions from argon have also been observed in LHD in the visible range. The wavelengths of the VUV lines suitable for the plasma diagnostics are summarized in Table 4 , showing the availability of the CIII-V, NeIII-IX, ArIII-VIII and ArXV-XVI lines.
Finally, we should notice on uncertainties of the signal relative intensities in the tables. Many discharges (≥ 100 shots) were required in order to record the VUV spectra scanning the wavelength. However, it is impossible to produce the identical discharge in all discharges, i.e., T e and n e , due to changes of NBI input power and wall conditioning. The influx of externally applied gas puff such as Ne and Ar is a function of edge electron temperature. Furthermore, the helical plasma has free boundary whereas the tokamak plasma has a fixed boundary. Thus, the edge plasma parameters are easily changed with a variety of the density and input heating power. The VUV emissions reported here are located in the plasma edge region and the intensities become much sensitive to the edge plasma condition. The relative intensities indicated in the table should be used only as a reference for experimentalist. 
Ion temperature from Doppler broadening
Ionization potential (IP) increases when the ionization stage of impurity ions rises or the nuclear number Z of impurity elements increases, as shown in Fig. 3 . The IP gradually increases with the ionization stages except for Heand H-like ions. The impurities in such ionization stages usually locate in some radial position of the plasma when the central electron temperature is high enough as compared to the IPs. In contrast, the IP of He-like ions becomes very high, since the ionization of the 1s electron requires a large energy compared with the ionization of n = 2 elec- trons. Therefore, these emissions are useful for the ion temperature measurement at the plasma center. Figure 4 shows the ion temperature evaluated from the Doppler broadening of the measured VUV line emissions of neon and argon as a function of the IPs. The ion temperature of neon ions in various ionization stages is distributed in a range of 1/2-1/4 of the ionization potential in each ion. However, the ion temperature of argon ions is closely distributed to the IP. This is based on the difference in the central ion temperature. It is well known that high ion temperature operation is possible for the rare gas discharges in LHD [32, 33] . The central ion temperature of neon discharges ranges between 3-5 keV. In case of the argon discharges, the ion temperature further increases up to 10-13 keV mainly due to the lower ion density, which leads to the increase in the ion heating power density.
The measurement of ion temperature is also useful for the identification of unclassified Ar lines. Several unclassified Ar lines appear in Table 3 . We also measured the ion temperature from the unclassified Ar lines. The ionization stages of such unclassified Ar lines can be estimated from Fig. 4 (b) using the measured ion temperature. Thus, the unclassified Ar lines of 486.60 Å, 618.63 Å and 619.04 Å are identified with their possible ionization stages. The results are indicated in the brackets after 'ArUn'.
Line profile analysis of absorption spectra
The line profile of the Doppler broadening has a Gaussian shape if it is assumed that the atoms or ions have a Maxwellian velocity distribution as follows:
where λ 0 is the center wavelength in Å and ∆ D the Doppler width. The Doppler width at full width at half maximum (FWHM), ∆ FWHM , is given by
The ion temperature in eV is thus given by
where M is the atomic weight. Measured spectral lines are fitted by the Gaussian profile of Eq. (1) and the ion temperature is obtained using Eq. electron density. It is well known that the neutral line is absorbed by the background neutral atoms [34] .
The self-absorption line profile [35] is expressed using the Doppler broadening line profile as follows:
The atomic absorption coefficient k is given by where k 0 is the atomic absorption coefficient at the center of the line and l the path length of absorption. The selfabsorption line profile is then given by
Taking the 0-th and 1st order terms after the expansion of Eq. (6), Eq. (6) is replaced by the following equation:
where k 0 l is the optical depth, λ SA the center wavelength of absorption and ∆ SA the absorption width. The selfabsorption spectra of the Lyman-α line shown in Fig. 6 are fitted by the Eq. (6), which is expressed by a solid line. The measured Lyman-α line profile is in close agreement with consideration of the self-absorption process. Here, the value of T i defines the temperature of the neutral hydrogen emitting Lyman-α and -β and the value of T n defines the temperature of the background hydrogen absorbing the Lyman-α and -β emissions are different. This indicates that the hydrogen atoms as emitters and absorbers stay in different temperature regions. The self-absorption is also shown in Fig. 7 for the Lyman-β line (2 × 1025.72 Å). The line profile of Lyman-β is a very similar to that of Lyman-α and can be well explained by the absorption process. Since the intensity of Lyman-β is considerably weaker than that of Lyman-α, the line profile of Lyman-β emitted in the recombination phase at the end of discharges is used to obtain brighter intensity. In this case, then, it is expected that the radiators and absorbers exist in similar temperature regions. The difference between λ 0 and λ SA indicates a relative difference in flow velocity between radiators and absorbers. The values of difference in Fig. 6 (c), 6 (b) and Fig. 7 are 0.24 Å, 0.26 Å and 0.96 Å, respectively. This absorption process is of course a function of edge neutral density n n and the length of the neutral atoms l. The product of neutral number density and length of neutral atoms, n n l, is given by k o l in Eq. (6) and T n in eV as follows:
n n l = 1.67 × 10 15 k o l 1.67 × 10 4 T n .
The optical depth of k o l can be obtained from line fitting by Eq. (7), as shown in Fig. 6 and is determined to be k o l = 0.55 at n e = 5 × 10 19 m −3 and k o l = 0.70 at n e ∼ 10 × 10 19 m −3 . The T n is derived from ∆ SA with Eqs. (2) and (3). The instrumental width of the spectrometer for ∆ SA is neglected in this analysis. The value of the optical depth is now insensitive to the density variation. When T n = 0.5 eV and k 0 l = 0.55 at n e = 5 × 10 19 m −3 is assumed as seen in Fig. 6 (b) , we obtain n n l = 7.0 × 10 16 m −2 using Eq. (8).
Finally, we obtain the length of the neutral hydrogen of l = 10 cm (1 cm) at n n = 7.0 × 10 17 m −3 (7.0 × 10 18 m −3 ). This is fairly reasonable taking into account the measurement of neutral density obtained from visible spectroscopy where the only n n l is obtained [36] . Therefore, this result suggests that hydrogen emissions are absorbed at the plasma edge region.
Summary
High-resolution spectra (250 to 2300 Å) have been measured in a wavelength range of 250 Å to 2300 Å using a 3 m normal incidence spectrometer in LHD and spectra from C, Ne and Ar have been recorded with a sufficient signal-to-noise ratio. The line identification, the relative intensity and the Doppler temperature of the VUV lines are analyzed. Wavelengths of the measured VUV lines in several ionization stages (CIII-V, NeIII-IX, ArIII-VIII and ArXV-XVI) are accurately determined and tabulated including not only the E1 lines but also the M1 lines for alternative passive spectroscopy. The self-absorption of VUV lines are found for hydrogen Lyman-series lines in highdensity LHD discharges. These lines are analyzed using the absorption equation. The spectroscopic data reported here are applicable to high-temperature plasma diagnostics.
